We have investigated the ability of African cassava mosaic virus DNA A mutants, containing disrupted complementary-sense genes, to infect Nicotiana benthamiana and to replicate in Nicotiana tabacum protoplasts. Three overlapping open reading frames (ORFs) with the capacity to encode proteins with an Mr greater than 10K (AC1, AC2 and AC3) are highly conserved between geminiviruses that infect dicotyledonous plants and one (AC4) is less well conserved. Of these, only AC1 is a prerequisite for DNA replication; disruption of this ORF rendered the DNA noninfectious in plants and prevented DNA replication in protoplasts. Disruption of ORF AC2 prevented plant infection but mutants were capable of autonomous replication and replicated DNA B in trans in protoplasts to produce DNA forms that comigrated with wild-type virus DNAs. The AC2 mutant phenotype suggests that the product of this ORF is involved in virus spread within the plant. Mutants in which ORF AC3 had been disrupted retained the ability to replicate and to infect plants systemically although symptom development was delayed and attenuated, and mutant DNA accumulated to much lower levels (10 to 20%) in comparison with wild-type infection. Typical geminate virus particles were observed in extracts of plants infected with ORF AC3 mutants indicating that this gene is not essential for coat protein synthesis or virus assembly but possibly acts by modulating virus levels in infected tissues. Disruption of ORF AC4 had no effect on infectivity or symptom development suggesting that this ORF is maintained only because it overlaps the highly conserved ORF ACI.
Introduction
The genome of the geminivirus African cassava mosaic virus (ACMV; synonym, cassava latent virus) comprises two ssDNA components (DNA A and DNA B). Unlike DNA B, DNA A has been shown to replicate in actively dividing Nicotianaplumbaginifolia protoplasts to produce both dsDNA and ssDNA forms implying that it alone supplies the virus-encoded genes responsible for DNA replication. DNA A also encodes the coat protein (Townsend et al., 1985) , which can be expressed in plants in the absence of DNA B to produce typical geminate virus particles (Klinkenberg & Stanley, 1990) . Since both genomic components are necessary for systemic infection of plants (Stanley, 1983) , DNA B genes have been implicated in spread of the virus within the plant and symptom production. Sequence analysis has defined a number of open reading frames (ORFs) localed on both the virion-sense (V) and complementarysense (C) strands of both components (Stanley & Gay, I" Present address: Sainsbury Laboratory, John Innes Centre for Plant Science Research, Colney Lane, Norwich NR4 7UH, U. K. 1983 ). Comparison of ACMV with tomato golden mosaic virus (TGMV; Hamilton et al., 1984) , bean golden mosaic virus (BGMV; Howarth et al., 1985) and beet curly top virus (BCTV; has demonstrated that four ORFs on DNA A (AV1, AC1, AC2 and AC3) and two on DNA B (BVI and BC1) have the capacity to encode proteins with an Mr greater than 10K and are highly conserved with respect to location, orientation and composition. DNA B genes BV1 and BC1 have been defined and shown to be essential for systemic infection of plants when expressed from DNA A-based vectors (Etessami et al., 1988) . Deletion mutagenesis studies have shown that the coat protein (AV l), as well as a number of non-conserved ORFs that overlap this gene on DNA A, are not essential for systemic infection of plants Etessami et al., 1989) . The three additional highly conserved ORFs AC 1, AC2 and AC3, as well as ORF AC4 which is less well conserved between these viruses, all overlap to some extent. Currently, it is not clear if and how these ORFs are expressed. However, two major transcripts have been mapped to the complementarysense strand of DNA A, suggesting at least two functional gene products (Townsend et al., 1985) . In this 0001-0018 © 1991 SGM P. Etessami and others paper, we investigate the contribution of these ORFs to virus replication by screening mutants for their ability to proliferate in plants and protoplasts.
M e t h o d s
Source of clones. Clones were derived from West Kenyan isolate 844 of ACMV. The construction of full-length infectious clones of DNA A in Ml3mp8/Mlu (pJS092) and DNA B in Ml3mp9 (pJS094), referred to here as pCLVA and pCLVB, respectively, has been described (Stanley, 1983) . The insert of pCLVA has been recloned in pUC8/Mlu to produce pCLV018 (Etessami et al., 1989) . A tandem repeat of the insert of pCLVB was cloned into pAT153 (Twigg & Sherratt, 1980) to produce pCLV2B.
Construction of mutants.
Restriction endonucleases were obtained from BRL and used according to the manufacturer's directions. Sitedirected mutagenesis was carried out by annealing 10 pmol of the appropriate phosphorylated oligonucleotide to 1 ~tg of pCLVA ssDNA in 20 mM-Tris-HCl pH 7.9, 100 mM-NaC1, 20 mg-MgC12 at 67 °C for 5 rain followed by slow cooling to 4 °C over 30 min. Primer extension was initiated by the addition of l0 mM-DTT, 1 mM-dNTPs and 5 units of the Klenow fragment of DNA polymerase. Mixtures were maintained at 4°C for 30 min and then at 37 °C for 2 h before transforming Escherichia coli JM101. All other manipulations were carried out essentially as described by Maniatis et al. (1982) . Mutations ir~troduced into DNA A, as detailed below, were characterized by restriction analysis and sequence analysis using the dideoxynucleotide chain-termination procedure of Sanger et al. (1977 Sanger et al. ( , 1980 . The effects of the mutations on the ORFs, detailed below, are summarized in Fig. 1 .
Clone pCLVA was linearized at the unique SphI (2581) site and the protruding 3' termini were removed by digestion with S 1 nuclease. The DNA was recircularized either directly, to produce pCLVACI-1 containing a 4 bp deletion, or in the presence of XhoI linkers (CCTCGAGG), to produce pCLVACI-2 which has a net increase of 4 bp. The overlapping ORFs AC1 and AC4 are disrupted in both mutants. In mutant pCLVACI-I, ORF AC4 is truncated from 140 to 52 amino acids and the amino-terminal 57 amino acids of AC1 are fused to the carboxy-terminal 93 amino acids of AC4. In mutant pCLVACI-2, ORF AC1 is truncated from 358 to 66 amino acids and the amino-terminal 47 amino acids of ORF AC4 are fused to the carboxy-terminal 301 amino acids of ORF AC1.
Transversion of G to T at position 1653 was introduced into pCLVA by site-directed mutagenesis to produce pCLVAC2-1. This introduced an SspI site at position 1648 and a termination codon (UAA) within the amino terminus ofORF AC2, which reduces the coding capacity of the ORF from 135 to 39 amino acids. Mutant pCLVAC2-2 contains the same G to T transversion and an additional A to G transition at position 1651 which creates HinclI and Hpal sites at position 1651. The mutations are located between the carboxy terminus of ORF AC1 and the amino terminus of ORF AC3, both of which consequently remain unaffected in these two mutants.
Site-directed mutagenesis was used to introduce a termination codon (UAG) within the amino terminus of ORF AC3 by creating a C to T transition at position 1562 of pCLVA to produce pCLVAC3-1. The mutation introduces an AvrlI site at position 1560 and reduces the coding capacity of ORF AC3 from 134 to 20 amino acids without affecting the amino acid sequence of the overlapping ORF AC2. A second mutation was introduced into the carboxy terminus of ORF AC3 using clone pCLV018, grown in E. coli Dam-strain GM242. The clone was linearized at the unique BclI (1292) site and the protruding 5' termini were filled in using the Klenow fragment ofDNA polymerase I. Recircularization of the DNA introduced a 4 bp insert and a ClaI site to produce mutant pCLVAC3-2. The mutation is located downstream of ORF AC2 and serves to remove 24 carboxy-terminal amino acids of ORF AC3. A termination codon (UAA) was introduced into ORF AC4 of pCLVA by creating a G to T transversion at position 2577 by sitedirected mutagenesis to produce pCLVAC4-1. The mutation reduces the coding capacity of ORF AC4 to 48 amino acids but leaves the amino acid sequence of the overlapping ORF AC1 unaffected.
SspI
Inoculation oJplants. Inserts of the parental DNA A clone pCLVA or mutants thereof were mechanically inoculated, together with the insert of pCLVB onto N. benthamiana seedlings as described by Etessami et al. (1989) . Alternatively, DNA B was supplied as undigested pCLV2B (3 gg/plant). Plants were screened daily for symptoms and, in the absence of symptom development, were assayed for viral DNA by dot blot analysis (Maule et al., 1983) . Progeny virus was mechanically transmitted to N. benthamiana after grinding systemically infected tissue in the presence of an equal weight of water.
Characterization of progeny. Total cellular nucleic acids were extracted from systemically infected tissue essentially as described by Covey & Hull (1981) . Tissue, frozen in liquid nitrogen, was ground using a pestle and mortar and extracted with 50 mM-Tris-HCl pH 8-3, 1~ triisopropylnaphthalene sulphonate, 6~ 4-amino salicylate, 6~ phenol (I ml/g tissue). The homogenate was extracted three times with phenol/chloroform (1:1 v/v) and nucleic acids were precipitated with ethanol. Equal amounts of nucleic acids were fractionated by agarose gel electrophoresis and viral DNA was analysed by Southern blotting (Southern, 1975) following in situ depurination (Wahl et al., 1979) . Blots were probed with "oligolabelled" (Feinberg & Vogelstein, 1983) clone pCLVA or DNA fragments specific to DNA A [ MluI (734) PstI (245~EcoRV (2550) ]. Alternatively, the Dral (221)-SphI (2581) fragment of DNA A, cloned into pBS + (Stratagene), was used to produce strand-specific RNA probes by transcription from the T7 promoter. The presence of virus particles was investigated by immunosorbent electron microscopy (ISEM; Roberts & Harrison, 1979) using antiserum raised against ACMV that had been extensively cross-adsorbed against an extract of healthy N. benthamiana (Townsend et al., 1985) .
Replication in protoplasts.
Cloned ACMV DNAs were excised from M13 vectors using the appropriate restriction endonuclease and purified by sucrose density gradient centrifugation. N. tabacum (cv.
Xanthi) mesophyll protoplasts were prepared by a two-stage method (Watts et al., 1987) . Approximately 107 protoplasts were inoculated with 50 ~tg of purified clone insert by electroporation and aliquots containing approximately 2 × 106 protoplasts were cultured at 25 °C in the medium of Nagata & Takebe (1971) . Protoplasts were harvested as described by Townsend et al. (1986) and total nucleic acids were extracted by the method of Covey & Hull (1981) .
Results

Mutant phenotypes in N. benthamiana
The results of infectivity studies following mechanical co-inoculation of DNA A mutants and DNA B onto N.
benthamiana are summarized in Table 1 . Repeated attempts to infect plants using AC1 (pCLVACI-1 and pCLVAC1-2) and AC2 (pCLVAC2-1 and pCLVAC2-2) mutants were unsuccessful as judged by the lack of symptom expression and our inability to detect viral DNA in the upper leaves by dot blot analysis. Mutagenesis of AC1 also disrupted ORF AC4 in both mutants described. To investigate whether this had an adverse affect on infectivity, a termination codon was introduced into ORF AC4 without affecting the amino acid sequence of ORF AC1 (pCLVAC4-1). This mutant was phenotypically indistinguishable from the parental clone pCLVA (referred to here as wild-type) with respect to onset and severity of symptoms indicating that disruption of ORF AC4 was not responsible for the lack of infectivity of the AC1 mutants, pCLVACI-1 and pCLVAC1-2. Co-inoculation of combinations of AC1 and AC2 mutants produced systemic infection although the onset and development of symptoms were generally delayed relative to the wild-type infection. Consequently, plants infected with mutant combinations were slightly larger than those infected with wild-type virus although they exhibited extensive stem deformation, leaf curling and chlorosis typical of ACMV infection. Mutant progeny was readily sap-transmitted to produce severe symptoms in N. benthamiana.
Both AC3 mutants were infectious in N. benthamiana, inducing stem and leaf curl symptoms as well as chlorotic lesions, although symptom development in both the inoculated and newly expanding leaves was delayed and symptoms were noticeably less severe than for the wildtype infection. Wild-type and AC3 mutant phenotypes are compared in Fig. 2 . Mutant progeny could be saptransmitted, but at a lower frequency than wild-type progeny, and invariably produced persistent mild symptoms in infected plants.
Complementation of AC1 and AC2 mutants
The progeny of co-inoculated AC1 and AC2 mutants pCLVACI-2 and pCLVAC2-1 were examined by Southern blot analysis (Fig. 3) benthamiana produced an identical SspI/XhoI digestion pattern (data not shown) which supports this conclusion since wild-type DNA would be expected to out-compete two complementing mutants, as was found to be the case for DNA B mutants (Etessami et al., 1988) .
AC1 and AC2 mutant analysis in protoplasts
The ability of AC1 and AC2 mutant DNA to replicate autonomously was investigated by electroporating the inserts of mutants pCLVACI-I and pCLVAC2-1 individually into N. tabacum protoplasts. The results for pCLVAC2-1 are shown in Fig. 4 . Inoculum DNA (both the insert and the slower migrating cloning vector) was detected 2 days post-inoculation at which time de novo synthesis of wild-type and AC2 mutant D N A began. Mutant DNA that comigrated with wild-type D N A forms as well as with ssDNA and scDNA markers increased in abundance over the 5 day time course. The ssDNA was characterized by its sensitivity to S1 nuclease (data not shown). The amount of ssDNA associated with wild-type and mutant D N A replication was similar although its abundance relative to other viral DNA forms varied considerably between protoplast batches. The mutant also retained the ability to replicate co-inoculated cloned DNA B in trans to produce the same DNA forms (data not shown). In a parallel experiment (and in subsequent experiments), de novo replication of the AC1 mutant was not detected.
Analysis of AC3 mutant progeny
Both wild-type and AC3 mutant DNA was detected by dot blot analysis only in tissues that had developed subsequent to inoculation and the concentration of viral DNA varied considerably between leaves of different ages. By visual inspection of dot blots of tissue extract dilutions it is estimated that mutant DNA accumulated to only l0 to 20~ of the levels of wild-type DNA. Using ISEM, typical geminate virus particles were detected in extracts of plants infected with either pCLVAC3-1 or pCLVAC3-2. Virus particles were less abundant in these plants than in plants infected with wild-type virus, reflecting the relative abundance of the viral DNAs. The progeny of mutant pCLVAC 3-2 were investigated by Southern blot analysis (Fig. 5) . For the purpose of this particular experiment, leaf material was selected that showed similar (mild) symptoms. For this reason the wild-type and mutant samples contained comparable amounts of viral DNA. The ssDNA and scDNA forms of both genomic components were produced in the same relative abundance in plants infected with the AC3 mutant and wild-type virus (compare lanes 3 and 4) . The wild-type scDNA contains unique ClaI (2403) and BclI (1292) sites and, in the mutant, the latter has been converted to a second ClaI site (refer to Fig. 1) . Digestion with ClaI linearized the wild-type scDNA (lane 5) and gave two fragments for the mutant DNA (lane 6), the smallest of which comigrated with the 990 bp ClaI/BclI fragment from the parental clone pCLV018 (lane 10). Double digestion with ClaI and BclI gave the same two fragments for both the wild-type and mutant DNA (lanes 7 and 8). It is believed that trace amounts of linear D N A associated with mutant infection in lane 6 result from incomplete digestion, rather than loss of a ClaI site and 
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hence possible reversion to wild-type, since residual linear DNA is present also after double digestion of both wild-type and mutant DNAs (lanes 7 and 8). Sap transmission of AC3 mutant progeny produced only mild symptoms, consistent with this argument. Therefore, the results indicate that the AC3 mutant has retained the capacity to replicate and spread throughout the plant.
Discussion
In previous studies we have investigated the role of the coat protein, encoded by virion-sense DNA A, and DNA B genes in ACMV proliferation using in vitro recombination and deletion mutagenesis Etessami et al., 1988 Etessami et al., , 1989 Klinkenberg et al., 1989) . Here, we extend the investigation to examine the contribution of complementary-sense ORFs of ACMV DNA A to viral DNA replication, virus spread and symptom development. Of the seven complementarysense ORFs originally defined from the nucleotide sequence of DNA A (Stanley & Gay, 1983) , three that overlap the coat protein gene (ORF AV1 ; Fig. 1 ) have been deleted and shown to have no essential function following mechanical inoculation of mutants onto N. benthamiana (Etessami et al., 1989) . Since these ORFs are not conserved between members of the group, they are considered to have arisen fortuitously and to play no role in virus proliferation. Of the four remaining ORFs, three (AC1, AC2 and AC3) are highly conserved among related geminiviruses, for which reason they are believed to be functional in protein coding. Although ORF AC4 is not as highly conserved, counterparts to this ORF have been noted in BCTV and BGMV (Howarth et al., 1985) , and are also present in TGMV (Hamilton et al., 1984) and abutilon mosaic virus (AbMV; Frischmuth et al., 1990) . The first in-frame AUG codon and downstream termination codon for ORF AC4 of BGMV, TGMV and AbMV are located at the same relative positions with respect to the overlapping ORF AC1. AUG codons are also present at the same positions in ACMV and BCTV although the first in-frame AUG codons are located further upstream in both instances, and the ACMV ORF extends further downstream of this core sequence. Core sequences show 30 to 40 % direct similarity (40 to 50% familial similarity) when compared with ACMV. The introduction of frameshift mutations into the overlapping ORFs AC1 and AC4 destroyed the ability of the DNA to infect N. benthamiana and to replicate in N. tabacum protoplasts. A mutant containing a lesion in ORF AC2 was also unable to infect N. benthamiana systemically. However, such mutants retained the ability to replicate and spread in plants when co-inoculated, indicating that a trans-acting function had been disrupted in both instances. No recombinant or revertant wildtype DNA was detected in the plants examined although the investigation was by no means exhaustive. In contrast, wild-type DNA has been observed following co-inoculation of complementing TGMV mutants bearing lesions in ORFs AC1 and AC2/AC3 (Brough et al., 1988) . However, as only low levels of TGMV wild-type DNA were detected, its production was considered to be a relatively rare event. Disruption of ORF AC4 alone by the introduction of a termination codon had no effect on infectivity and symptom development. Because 31 out of a total of 40 inoculated plants over two experiments exhibited this phenotype using the AC4 mutant, it is unlikely that infectivity is a result of reversion of the mutant to wild-type, especially as restoration of the AC4 reading frame might be expected to be associated with a delay in symptom expression. From these results it is concluded that ORF AC1 is essential for DNA replication and ORF AC4 is not required for virus proliferation in plants. Maintenance of ORF AC4, discussed above, might reflect the highly conserved nature of the functional, overlapping ORF AC1 (70 to 80% direct similarity and 90 to 95% familial similarity exists between ACMV AC 1 amino acid sequences that overlap the ORF AC4 core region and the analogous sequences of AbMV, BCTV, BGMV and TGMV) although a possible contribution to virus transmission between plants by the natural whitefly or leaf hopper vectors cannot be eliminated at the present time. Similar conclusions have been reached for analogous mutants of TGMV (Brough et al., 1988; Elmer et al., 1988) and the gene product of ORF AC1 has recently been shown to support the replication of TGMV DNA B in transgenic plants (Hayes & Buck, 1989; Hanley-Bowdoin et al., 1990) . Of note, ORF AC1 contains a consensus NTP binding sequence found in proteins that have been implicated in DNA replication (Gorbalenya & Koonin, 1989) . The AC1 protein might function by diverting cellular replication to viral DNA replication by binding to, and causing local unwinding or nicking of, the origin of replication. Following the analysis of ACMV DNA A size revertants, we have suggested that such strand nicking might occur within the nonanucleotide sequence that is found in all geminivirus DNAs (Etessami et al., 1989) .
Introduction of a termination codon into ORF AC2 prevented infection of plants but the mutant retained the ability to replicate in N. tabacum protoplasts to produce single-and double-stranded forms of DNA A and B. Timing of the onset of replication and accumulation of DNA forms was similar for mutant and wild-type virus, indicating that ORF AC2 is not directly involved in viral DNA replication which would therefore implicate the product of this ORF, either directly or indirectly, in virus spread within the plant. Our results are in agreement with those of Hanley-Bowdoin et al. (1990) who suggested that the product of ORF AC 1 alone is able to drive the synthesis of both single-and double-stranded forms of TGMV DNA B in N. benthamiana leaf discs. Following genetic crosses of transgenic N. tabacum, Hayes & Buck (1989) were able to detect only dsDNA when the replication of DNA B was driven by constitutively expressed AC1 although ssDNA was detected when AC2 was additionally expressed. This suggests that although the product of ORF AC2 is not essential for DNA replication it might bind to and protect ssDNA (as originally proposed by Elmer et al., 1988) or trans-activate an ssDNA-binding protein (Sunter et al., 1990) , resulting in the observed accumulation of this DNA form in transgenic plants (Hayes & Buck, 1989) . Since host DNA synthesis is probably a prerequisite for virus replication , the actively dividing protoplasts used in the current investigation provide conditions suitable for continuous viral DNA replication, allowing the detection of AC1-directed ssDNA synthesis even in the absence of the stabilizing effect of AC2. Comparable conditions must also prevail in agroinoculated leaf discs (HanleyBowdoin et al., 1990) but not in transgenic plants (Hayes & Buck, 1989) in which the unprotected ssDNA would be degraded and not replaced in mature tissues. Our results differ from those of Sunter et al. (1990) who reported that a TGMV AC2 mutant accumulated relatively less ssDNA than wild-type DNA A in transfected N. tabacum protoplasts derived from a suspension culture. If AC2 is responsible for the protection of ssDNA but is not directly involved in its synthesis, the contrasting results might reflect differences in the susceptibility of the ssDNAs to degradation under the prevailing culture conditions. Experiments are in progress to clarify this point.
In contrast to ORFs AC1 and AC2, disruption of ORF AC3 does not prevent systemic spread of the virus and symptom development. Symptom severity is greatly reduced compared with wild-type infection and reflects the drastic decrease in the levels of viral DNA in the systemically infected tissues. On the basis of the similarity between AC3 and coat protein mutant phenotypes, it was suggested that the AC3 protein might be responsible for particle morphogenesis (Elmer et al., 1988) . Contrary to this idea, we have found that AC3 mutants retain the ability to synthesize coat protein and assemble geminate particles. Furthermore, although the overall level of mutant DNA is reduced in plants, the relative amounts of single-and double-stranded forms are similar to those found in a wild-type infection. Therefore, the product of ORF AC3 is not essential for virus proliferation suggesting a role in modulating virus levels. This could be achieved at the level of DNA replication by stimulating the expression or action of AC1, or at the level of virus spread by stimulating AC2 expression or DNA B replication and/or gene expression. The fact that ORF AC3 is also conserved in the monopartite genome of BCTV argues against its involvement solely in the interaction with DNA B in this manner and favours the suggestion that the function of AC3 is one of modulation of DNA replication. The recent observations of Sunter et al. (1990) have indicated that an intact ORF AC3 is necessary at least for efficient TGMV DNA replication in N. tabacum protoplasts.
